The relative risk (RR) of death, adjusted for potential confounders, was estimated by using Cox proportional hazards models. Men in the lowest (< 28.4 mol/L) compared with the highest (≥ 73.8 mol/L) serum ascorbate quartile had a 57% higher risk of dying from any cause (RR: 1.57; 95% CI: 1.21, 2.03) and a 62% higher risk of dying from cancer (RR: 1.62; 95% CI: 1.01, 2.59). In contrast, there was no increased risk among men in the middle 2 quartiles for these outcomes and no increased risk of cardiovascular disease mortality in any quartile. There was no association between serum ascorbate quartile and mortality among women. These findings were consistent when analyses were limited to nonsmokers or further to adults who never smoked, suggesting that the observed relations were not due to cigarette smoking. Conclusions: These data suggest that men with low serum ascorbate concentrations may have an increased risk of mortality, probably because of an increased risk of dying from cancer. In contrast, serum ascorbate concentrations were not related to mortality among women.
INTRODUCTION
Vitamin C may play a role in the prevention of cardiovascular disease (CVD) and cancer, the 2 leading causes of mortality in the United States (1) . By scavenging free radicals, vitamin C may protect LDLs and DNA from oxidative damage and, consequently, prevent atherogenesis (2-5) and carcinogenesis (6) (7) (8) . Vitamin C may also prevent atherogenesis through its role in the synthesis of collagen (9) and prostacyclin (10) . Likewise, vitamin C may protect against cancer through other mechanisms, such as the detoxification of carcinogens and enhancement of immune function (6) (7) (8) . Although findings from prospective cohort studies that examined the association between vitamin C and total mortality suggest an inverse relation (11) (12) (13) , reviews of studies investigating CVD and cancer outcomes indicate lessconsistent findings (14, 15) .
We used data from a nationally representative sample of US adults to test whether serum ascorbate concentrations were associated with the risk of mortality from all causes, CVD, and cancer. Cigarette smoking decreases serum concentrations of vitamin C (16) (17) (18) and increases the risk of cancer and CVD, possibly by generating oxygen-derived free radicals (9, 19) . Because of the strong potential for cigarette smoking to confound the association between vitamin C and mortality, we tested whether the effect of vitamin C was modified by smoking. Furthermore, we examined whether sex modified this association because sex differences were found in previous studies (13, 20) .
SUBJECTS AND METHODS

Subjects
This study used data from the NHANES II Mortality Study (21) , a prospective study of participants examined in the second National Health and Nutrition Examination Survey (NHANES II) (1976) (1977) (1978) (1979) (1980) (22) . The NHANES II collected extensive demographic, medical history, nutritional, clinical, and laboratory data on a multistage, probability sample of the civilian, noninstitutionalized US population. The examination response rate was 73%. The vital status of NHANES II participants who were 30-75 y of age at examination was ascertained as of 31 December 1992, resulting in 12-16 y of follow-up data. Vital status was assessed by searching for deaths in the National Death Index and the Social Security Administration Death Master File (21) . Cause of death was obtained from the National Center for Health Statistic Multiple Cause of Death file (21) or from death certificates and coded according to the ninth revision of the Inter- 
Baseline variables
Blood was drawn from participants at baseline in mobile examination centers, stabilized with metaphoshoric acid, and shipped on dry ice to the Centers for Disease Control and Prevention for processing. Plasma was analyzed for total serum vitamin C by using the 2,4-dinitrophenylhydrazine method (24, 25) . Serum ascorbate concentrations were classified into sex-specific quartiles.
Systolic blood pressure was measured twice in the sitting position by a physician using a mercury sphygmomanometer (26) . The average of the 2 blood pressure readings was used in our analyses. Body mass index (BMI) was calculated as weight (kg)/height 2 (m). Diabetes status was positive if a participant reported having been told by a physician that he or she had diabetes, was using insulin at baseline, had a plasma glucose concentration ≥ 11.1 mmol/L (200 mg/dL) 2 h after an oral glucose challenge, or had a fasting plasma glucose concentration (with no challenge) ≥ 7.8 mmol/L (140 mg/dL). Total serum cholesterol was determined by using a Lieberman-Burchard reagent (27) . Participants were asked about their consumption of beer, wine, and other alcoholic beverages. Responses to these questions were summed to calculate the total frequency per week. Participants were asked about their smoking status (current, former, or never) and, if they ever smoked, the intensity (number of cigarettes smoked) and duration (years as a smoker) of the habit.
Dietary vitamin C intakes from a 24-h recall were available from the public use data set (28) . Dietary vitamin E intakes were calculated from the 24-h recall data by using food-composition data obtained from the National Cancer Institute (29) . Supplements used during the week before examination were categorized according to vitamin content; data for participants taking more than one product were recoded so that the content of all supplements was recorded instead of just the first listed, as released previously by the National Center for Health Statistics (28) . We calculated total vitamin E intakes by summing estimated intakes from supplements taken daily or almost daily and dietary vitamin E intakes. Because the amount of vitamin E contained in the supplements was not determined, we categorized supplements as either a multivitamin or a specialized product and assumed that the multivitamins contained 10 mg vitamin E [the US recommended dietary allowance (RDA) for men] and that the specialized vitamin E products contained 25 mg (250% of the US RDA) (30) . Sex-specific tertiles of total vitamin E intake were used in the analyses (< 5.9, 5.9-11.1, and > 11.1 mg for men; < 4.5, 4.5-8.9, and > 8.9 mg for women). A food-frequency questionnaire was administered that contained 2 items concerning consumption of fruit and vegetables rich in vitamins C and A during the 3 mo before the interview. Responses to these questions were summed to estimate total weekly fruit and vegetable consumption.
Analytic sample
Serum ascorbate concentrations were missing for 7% of the eligible 9250 NHANES II Mortality Study participants. There were few differences in the selected baseline characteristics between participants with missing and those with available serum ascorbate data (data not shown). However, mean systolic blood pressure was significantly higher in women with missing data. On average, men with missing serum ascorbate data reported smoking fewer cigarettes at baseline than did men with available data. An additional 2% of participants were excluded because of missing data for established CVD and cancer risk factors. About 16% of the remaining 8451 participants were excluded because of a history of heart disease or cancer at baseline. Participants with a history of physician-reported stroke or heart attack or who reported symptoms of angina, as determined by a modified Rose questionnaire, were considered to have heart disease. Participants with a history of physician-reported cancer were considered to have cancer. After all exclusions, there were 3347 men and 3724 women available for the main analyses. The effect of the duration of cigarette smoking on the relation between serum ascorbate concentrations and mortality was analyzed by using data from 3112 men; 5% of the 3347 men had missing data on smoking duration.
Data analysis
The relative risks (RRs) of CVD, cancer, and total mortality were estimated from hazards ratios derived from Cox proportional hazards models. Person-years of follow-up for each participant were calculated from baseline examination to the date of death or 31 December 1992. The inclusion of time-dependent variables in the initial Cox models confirmed that the proportional hazards assumption was met. RR estimates were initially adjusted for age (y) and sex. Multivariate models also included race (African American versus other), educational level (< 12 versus ≥ 12 y), smoking intensity (number of cigarettes smoked at baseline), alcohol consumption (weekly consumption frequency of beer, wine, and liquor), diabetes status (yes or no), serum total cholesterol concentrations (mmol/L), systolic blood pressure (mm Hg), and BMI.
Statistical analyses were performed after participants with a history of CVD or cancer were excluded. We performed tests for trend by fitting serum ascorbate concentration as a continuous variable in the Cox models. All analyses were run by using SUDAAN (31) to account for the complex sample design (22) , except the analyses involving time-dependent variables, which were run by using SAS (32). A P value < 0.05 indicated statistical significance.
Interactions between serum ascorbate concentrations and selected covariates were assessed by including interaction terms in preliminary multivariate models. There were no significant interactions between serum ascorbate concentrations and age, sex, or race. Neither smoking intensity nor smoking duration significantly affected the relation between serum ascorbate and total mortality; however, smoking status (current versus former and never smokers) did. For this reason, we also present analyses stratified by smoking status. Interactions between serum ascorbate and smoking status were not significant when CVD or cancer mortality were examined among men or for any outcomes among women.
The addition of smoking duration to the models did not substantially change the risk estimates for serum ascorbate quartiles (data not shown). Likewise, the addition of recreational exercise level (light, moderate, or heavy), fasting status before venipuncture, seasonality of examination, number of times per week that fruit and vegetables were consumed, and tertile of total vitamin E intake to the final models did not substantially change the risk estimates for serum ascorbate quartiles (data not shown). Therefore, these variables were not included in the final models. Finally, the results did not change substantially when the analyses were repeated with the exclusion of deaths occurring during the first 3 y of follow-up to assess the effect of preexisting morbidity at baseline (data not shown).
RESULTS
Median serum ascorbate concentrations were lower among men (49.4 mol/L; 95% CI: 47.7, 51.7) than among women (64.2 mol/L; 95% CI: 61.9, 65.9). Sex-specific quartiles, defined as serum ascorbate concentrations < 28.4, 28.4-51.0, 51.1-73.7, and ≥ 73.8 mol/L for men and < 39.7, 39.7-68.0, 68.1-85.1, and ≥ 85.2 mol/L for women were used in subsequent analyses. The proportion of participants in each quartile of serum ascorbate concentration for selected baseline characteristics is presented in Table 1 . At higher serum ascorbate quartiles, men were more likely to be white, have at least a high school education, have diabetes, be nonsmokers, smoke fewer cigarettes at baseline, and have smoked fewer years (P < 0.05). Furthermore, men in the highest quartile were significantly older than were men in other quartiles. BMI and serum total cholesterol differed significantly among quartiles, although the relation was not graded among men. At higher serum ascorbate quartiles, women were more likely to be older, have lower BMIs, be nonsmokers, smoke fewer cigarettes at baseline, have smoked fewer years, and have at least a high school education (P < 0.05). Serum total cholesterol and weekly consumption of alcohol were higher in the 2 highest serum ascorbate quartiles. Among both sexes, dietary intakes of vitamins C and E, use of supplements containing vitamins C and E, and consumption frequency of vitamin C-and vitamin A-rich fruit and vegetables were higher at higher serum ascorbate quartiles.
During the 12-16 y of follow-up, 791 men and 566 women died. Men in the lowest serum ascorbate quartile had almost twice the risk of dying than did men in the highest quartile after adjustment for age (RR: 1.91; 95% CI: 1.50, 2.42). After further adjustment for race, educational level, number of cigarettes smoked at baseline, serum total cholesterol, systolic blood pressure, BMI, diabetes status, and alcohol consumption, men in the lowest serum ascorbate quartile had a 57% higher risk of dying (RR: 1.57; 95% CI: 1.21, 2.03) than did men in the highest quartile. In contrast, there was no significantly higher risk among men in the middle 2 quartiles than among those in the highest quartile ( Table 2) .
Men in the lowest serum ascorbate quartile had a 73% higher risk of dying from CVD than did men in the highest quartile after adjustment for age (RR: 1.73; 95% CI: 1.10, 2.74). However, this association was attenuated after adjustment for established CVD risk factors (Table 2) . Men in the lowest serum ascorbate quartile had a 2-fold higher risk of dying from cancer than did men in the highest quartile after adjustment for age (RR: 2.05, 95% CI: 1.31, 3.22). After further adjustment for the factors listed above, men in the lowest serum ascorbate quartile had a 62% higher risk of dying from cancer (RR: 1.62; 95% CI: 1.01, 2.59) than did men in the highest quartile. Although the risk among men in the middle 2 quartiles was not significantly higher than that of men in the highest quartile (Table 2) , the risk was lower with lower serum ascorbate concentrations (P = 0.001 for trend).
Women in the lowest serum ascorbate quartile had a 46% higher risk of dying than did women in the highest quartile after adjustment for age (RR: 1.46; 95% CI: 1.09, 1.95). However, this risk was attenuated and was no longer significant after further adjustment for race, educational level, number of cigarettes smoked at baseline, serum total cholesterol, systolic blood pressure, BMI, diabetes status, and alcohol consumption. No association was VITAMIN C STATUS AND MORTALITY 141 observed between quartiles of serum ascorbate concentration and mortality from CVD or cancer among women (Table 2) . When the analyses were stratified by smoking status (Table 3) , the results for nonsmokers were similar to those in the unstratified analyses. In contrast, the associations among male smokers were generally attenuated and not significant. When we limited the analysis to men who had never smoked, those in the lowest serum ascorbate quartile had twice the risk of dying as did men in the highest quartile after adjustment for the above risk factors (RR: 2.02; 95% CI: 1.15, 3.54). In this same group, there were too few cancer deaths to produce reliable estimates of RR of cancer mortality.
Cancer deaths among men were clustered in the respiratory and digestive organs, whereas among women, deaths were more evenly distributed among sites ( Table 4 ). There were generally too few deaths for specific sites to produce stable risk estimates, except for lung cancer among men. Men in the lowest quartile had a higher risk of dying from lung cancer (RR: 2.97; 95% CI: 1.46, 6.08) than did men in the highest quartile. After adjustment for age, number of cigarettes smoked, BMI, and educational level, however, the risk was attenuated and was no longer significant (RR: 1.88; 95% CI: 0.88, 4.02).
DISCUSSION
Using data from a nationally representative sample followed for 12-16 y, we found a higher risk of dying from any cause and from cancer among men in the lowest than in the highest serum ascorbate quartile. Although the trend of lower risk with higher serum ascorbate concentrations was significant for both outcomes, risk estimates for the middle quartiles were not significantly different from those for the highest quartile. We observed a modest association between serum ascorbate quartiles and CVD mortality among men. In contrast, serum ascorbate quartiles among women were not related to any of the 3 outcomes studied. Our findings were consistent when analyses were limited to nonsmokers or even further to those who never smoked, suggesting that the observed relations were not due to the effects of cigarette smoking. Furthermore, there was no association between serum ascorbate quartile and any of the 3 outcomes among current smokers at baseline. Thus, the protective effect of vitamin C may not be strong enough to counteract the increased oxidative stress from cigarette smoking (9, 19, 33, 34) .
Our data indicated that the relation between vitamin C intakes and mortality differs by sex. Because women have higher serum ascorbate concentrations than do men, the cutoff for the lowest quartile was higher among women. If very low serum ascorbate concentrations confer the most risk, it might explain why we did not observe a relation between vitamin C intakes and mortality among women. However, in post hoc analyses among women, we found no association between serum ascorbate concentrations below those necessary for preventing clinical symptoms of vitamin C deficiency (< 22.7 mol/L) and any of the outcomes examined (data not shown). Another explanation for the difference between sexes may lie in the differential distribution of cancer sites. Findings from previous studies indicate that vitamin C may be most protective against non-hormone-dependent cancers (6, 8, 15) . In our study, there was a much higher percentage of hormone-dependent cancers in women (30%) than in men (7%). If most of the increased total mortality risk is due to an increased cancer mortality risk, the distribution among sites would also account for the difference in total mortality between sexes. Our finding that total mortality was related to serum ascorbate concentrations in men is consistent with findings from previous studies. The only other prospective cohort study to examine the relation between vitamin C blood concentrations and total mortality found a decreased risk associated with higher quintiles of plasma vitamin C concentrations in 725 adults followed for 12 y (12). Separate risk estimates were not presented by sex so we were unable to confirm the sex differences that we found. Our results were consistent with those of 2 other studies that measured vitamin C intakes. Vitamin C intakes were associated with total mortality among participants in the NHANES I Epidemiologic Follow-up Study (NHEFS) followed for an average of 14 y (35) . On the other hand, when risk was estimated by sex, vitamin C intakes > 50 mg/d plus regular supplement use were protective compared with intakes < 50 mg/d in men, but apparently not in women (13, 35) . In a study of middle-aged men, Pandey et al (11) found an inverse association between vitamin C intakes and total mortality.
Our findings concerning CVD and cancer mortality were less consistent than were those of previous studies examining these same outcomes. Sahyoun et al (12) found a lower risk of CVD mortality in subjects in the highest and combined middle quintiles than in those in the lowest plasma ascorbate quintile and found no association with cancer mortality. However, the subjects in that study were older and probably healthier (12) than our representative sample of the US population. In another nationally representative cohort, the NHEFS, adults with the highest intakes also had a significantly lower risk of dying from CVD than did VITAMIN C STATUS AND MORTALITY those with the lowest intakes (35) . Yet, the NHEFS findings for cancer were consistent with ours; men, but not women, with the highest intakes had a significantly lower risk of dying from cancer than did their counterparts with the lowest intakes (13) . The inverse relation found between vitamin C intake and cancer mortality risk in a study of middle-aged men (11) is also consistent with our findings. In another study, plasma ascorbate concentrations < 22.7 mol/L were associated with an increased risk of cancer mortality in a 17-y study of Swiss men (36) . In contrast with our findings, vitamin C intakes were inversely associated with cancer mortality risk among elderly women but not men (20) . Nevertheless, our findings support Carr and Frei's (15) conclusion that evidence from prospective studies generally suggests that low vitamin C intakes increase the risk of cancer. Carr and Frei also concluded that low vitamin C intakes increase the risk of CVD (15) . Although our findings did not support this conclusion, vitamin C may actually have a protective effect against CVD. In our cohort, men with low serum ascorbate concentrations died from cancer, particularly from lung cancer, and thus may not have survived long enough for a protective effect of vitamin C on CVD mortality to be observed. Additionally, vitamin C may have had an effect on CVD morbidity that we were unable to detect because this study only assessed mortality. One limitation of this study was that our measure of vitamin C status was based on a single serum ascorbate concentration. Because vitamin C is water soluble and thus is not stored for long periods in body tissues, a single measurement of serum ascorbate may indicate only the short-term (1-4 wk) vitamin C status of an individual (37) . However, the vitamin C status of our cohort may have changed during the follow-up period, potentially leading to the misclassification of the long-term vitamin C status of some individuals. Such misclassification would have weakened the associations found in this study. Additionally, serum concentrations of other antioxidants were not measured in NHANES II; thus, we cannot be sure that the observed associations were due entirely to vitamin C. Indeed, serum ascorbate quartiles were directly associated with dietary vitamin E intakes, use of vitamin E supplements, and consumption of fruit and vegetables; adjustment of the risk estimates for total vitamin E intakes or fruit and vegetable intakes did not change our findings. This lack of change suggests that vitamin C has an independent effect on mortality. Another limitation of our study was its passive nature. Mortality was probably underestimated in the NHANES II Mortality Study (21) , resulting in the misclassification of some participants. Because the serum ascorbate concentration was unlikely to be related to misclassification of vital status, risk estimates were probably unaffected; however, the statistical power may have been reduced (38) .
Nonetheless, using a nationally representative sample with a wide range of serum ascorbate concentrations and a relatively long follow-up period, we found that men with serum ascorbate concentrations < 28.4 mol/L had a 57% higher risk of dying from any cause and a 62% higher risk of dying from cancer than did men with a concentration > 73.8 mol/L. Serum ascorbate concentrations considered to indicate the highest risk were at or below those corresponding to intakes of Ϸ60 mg vitamin C/d (15), the US RDA. Discussion concerning the role of antioxidants in chronic disease prevention has often focused on whether high antioxidant intakes are protective. Our findings as well as those of other studies suggest that, instead, we need to focus on the potential adverse effects of vitamin C intakes that are at or below those currently considered to be adequate.
